Membrane-anchored C-peptides (for example, maC46) derived from human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein gp41 effectively inhibit HIV-1 entry in cell lines and primary human CD4+ cells in vitro. Here we evaluated this gene therapy approach in animal models of AIDS. We adapted the HIV gp41-derived maC46 vector construct for use in rhesus monkeys. Simian immunodeficiency virus (SIV and SHIV) sequence-adapted maC46 peptides, and the original HIV-1-derived maC46 expressed on the surface of established cell lines blocked entry of HIV-1, SIVmac251 and SHIV89.6P. Furthermore, primary rhesus monkey CD4+ T cells expressing HIV sequence-based maC46 peptides were also protected from SIV entry. Depletion of CD8+ T cells from PBMCs enhanced the yield of maC46-transduced CD4+ T cells. Supplementation with interleukin-2 (IL-2) increased transduction efficiency, whereas IL-7 and/or IL-15 provided no additional benefit. Phenotypic analysis showed that maC46-transduced and expanded cells were predominantly central memory CD4+ T cells that expressed low levels of CCR5 and slightly elevated levels of CD62L, b7-integrin and CXCR4. These findings show that maC46-based cell surface-expressed peptides can efficiently inhibit primate immunodeficiency virus infection, and therefore serve as the basis for evaluation of this gene therapy approach in an animal model for AIDS.
Introduction
Although combinations of antiretroviral drugs can control infection with human immunodeficiency virus (HIV) in many patients, mutations that confer drug resistance can arise. Furthermore, antiretroviral drugs can have serious toxicities, and they are costly. Gene therapy may offer an alternative to antiretroviral drugs as an effective treatment for HIV/AIDS. Genes can be introduced into cells ex vivo to advance a number of novel strategies that make cells more resistant to HIV. Such approaches target critical steps in the virus life cycle, from blocking virus entry into cells to interfering with the regulation of viral gene expression, as well as priming the immune system. [1] [2] [3] Introducing genes that limit early steps in viral replication, like virus entry into CD4+ T cells, has the potential to select and expand HIV target cells that are resistant to infection. 2, 4 Peptide-based fusion inhibitors derived from HIV gp41 C-terminal hydrophobic a-helix inhibit virus fusion by interacting with the N-terminal hydrophobic a-helix. Thus, they block conformational changes essential for membrane fusion of the virus with the host cell. 5 Peptides derived from heptad repeats (HR) such as T20, a 36-amino-acid peptide (aa 638-673), disrupt the HIV gp41 conformational changes associated with membrane fusion. They are the basis of a new class of antiretroviral drugs. 6 These peptides have poor oral bioavailability, a short serum half-life, and large amounts of these peptides are needed for an antiretroviral effect. Mutations in T20 emerge in the N-and C-terminal hydrophobic a-helixes that confer resistance to this class of antiretroviral drugs. 7 In contrast, maC-peptide levels are not dependent on application intervals or restricted in length by the in vitro peptide synthesis process. The larger interacting surface of longer maC-peptides with the target domain of the HIV-1 gp41 envelope glycoprotein decreases the likelihood of resistance to this class of inhibitors.
Intracellular immunization of the PM-1 CD4+ T helper cell line with the M87 construct, a retroviral vector that expresses membrane-anchored T20, inhibited HIV replication at the level of virus entry. 8 Optimization of the retroviral vector, the scaffold for presentation of the peptide on the cell surface and elongation of the C36-to a C46-peptide (M87o) have maximized expression of maC46 on PM-1 cells and primary lymphocytes. In addition antiretroviral activity against a broad range of viral isolates was enhanced. 9 The improved M87o construct also minimized the emergence of HIV T20 escape mutants and inhibited their entry into human primary CD4+ T cells (Egelhofer et al. 9 ; Lohrengel et al. 10 and unpublished data). In a proof-of-concept study, M87o-transduced autologous CD8-depleted T lymphocytes were transfused into HIV-infected patients and could be detected in blood throughout the 1-year followup. 11 Although transfer of the gene-modified T cells was safe, clinical efficacy was not established.
An animal model for AIDS, the simian immunodeficiency virus (SIV)-infected rhesus monkey, provides for preclinical testing of gene-therapy techniques. Here, we show that expression of maC46 on PM-1 cells blocks entry of the primate immunodeficiency viruses SHIV89.6P and SIVmac251. Furthermore, we demonstrate the potency of this gene therapy approach in blocking entry of SIVmac251 into maC46-expressing rhesus monkey CD4+ T cells. maC46-transduced primary T cells were predominantly central memory CD28+ CD95+ CD4+ T cells (CM), expressing low levels of CCR5. In addition, levels of CD62L, b7-integrin and CXCR4 were slightly elevated on the surface of these maC46-transduced cells. Our findings show that maC46-based cell surface-expressed peptides can efficiently inhibit primate immunodeficiency virus infection.
Results

Sequence heterogeneity of the gp41 HR2 region in lentivirus infection
To evaluate the potential use of maC46 in an animal model for AIDS, we analyzed the deduced amino-acid sequence homology among different C46 HIV gp41 C-terminal hydrophobic a-helix sequences in the HIV sequence database (http://www.hiv.lanl.gov/content/ hiv-db/mainpage.html), including those from HIV-1 clade B (n ¼ 176), SHIV (n ¼ 11) and SIV (n ¼ 27). We analyzed consensus sequences of the C46 region of the env gene obtained over time from six additional SIV-infected monkeys. 12 Diversity of the C46 peptide region of gp41 was highest among HIV-1 clade B viruses ( Figure 1a ). The deduced amino acid changes predominated at the beginning of the C46 peptide. Nevertheless, the predicted contact sites with HR1 of the C46 peptide, 5,13,14 the a and d positions, were conserved. In SHIV a similar pattern of changes in gp41 HR2 was observed Figure 1 Sequence variability of HIV, SHIV and SIV envelope protein in the C46 region of the HR2 of gp41 Env. HIV sequences were derived from 176 HIV-1 clade B strains (a) and compared to the HXB2 envelope region (aa 117-162 of gp41). SHIV sequences were derived from 13 rhesus monkeys infected with SHIV (b) and compared to the SHIV89.6P gp41 region (aa 117-162). SIV sequences from 27 rhesus monkeys infected with SIVmac239 or SIVmac251 (c) were compared to gp41 of SIVmac239 (aa 112-157 of gp41). The bars represent the percent amino acid change at a specific position and are color coded for each amino acid.
SIV entry is efficiently inhibited by maC46 RC Zahn et al ( Figure 1b ). Amino acid changes clustered at the N-terminus and the contact positions were conserved. In contrast, the C46 region of the relatively few SIV isolates was highly conserved (Figure 1c) , possibly because sequence changes in SIV HR2 frequently disturb the six-helix bundle formation. 15 
Design of retroviral vectors
The M87o-based gammaretrovirus vectors (M87o HIV ) were prepared using a strategy published previously. 9 Briefly, all retroviral vectors had flanking long terminal repeats, an MP71 leader sequence 16 and an anti-HIV protein module with a signal peptide (SP), the C46 peptide fused to the hinge and linker domain and the membrane-spanning domain. We generated a set of maC46 low-and high-expressing vectors to determine whether inhibition of virus entry by membrane-anchored C46 (maC46) is dose dependent. The low-expressing vectors were generated by introducing a neomycin resistance gene under control of a polio internal ribosome entry site (IRES) behind the C46 module. The high-expressing vectors carried two RNA elements in their 3 0 untranslated region, a rev responsive element (RRE) decoy 17 as a second antiviral principle, and a woodchuck hepatitis post-transcriptional regulatory element (wPRE) 18, 19 to enhance transgene expression (Table 1) . The amino-acid sequences of C46 modules used in different vectors were derived from gp41 sequences obtained from HIV-1 HXB2, SHIV89.6P and SIVmac239 (Table 2A) . Alanine-containing point mutations introduced into the C46 HIV sequence of M87o HIV generated the inactive C46 sequence. The targeted amino-acid positions are essential for the interaction of HR2 C-domains with the N-domains of HR1 and formation of the entry-mediating six-helix bundle. The M87o SIV vector was adapted from the gp41 SIVmac239 wild-type sequence (KLNSWN) to the binding epitope of the broadly neutralizing anti-HIV antibody 2F5 (ELDK-WA) permitting detection by flow cytometry using the 2F5 antibody.
Inhibition of primate immunodeficiency virus entry into PM-1 cells by membrane-anchored C46
We have shown that cell surface-expressed maC46 can efficiently inhibit HIV entry in in vitro culture. 9 Here we expanded the repertoire of HIV-based C46 vectors (M87o HIV ) to vectors that express the C46 sequences adapted from SIVmac239 (M87o SIV ) and SHIV89.6P (M87o SHIV ), viruses that are commonly used in rhesus monkey experiments.
We first determined the efficacy of M87o HIV , M87o SIV and M87o SHIV , in blocking the infection of transduced Figure 2 ). The C46 region consensus sequence of the uncloned virus SIVmac251 is homologous to SIVmac239. As expected, PM-1 cells transduced with M87o HIV were completely resistant to infection with HIV ( Figure 2a) . Likewise, PM-1 cells transduced with M87o SHIV were resistant to infection with SHIV89.6P (Figure 2e ), and PM-1 cells transduced with M87o SIV were resistant to infection with SIV ( Figure  2i ). Despite low sequence homology of HIV and SHIV C46 compared to SIVmac239 C46 (Table 2B) , all vectors showed a similarly high efficiency of entry inhibition in this assay. Specifically, M87o HIV also inhibited entry of SHIV89.6P ( Figure 2d ) and SIVmac251 (Figure 2g ), M87o SHIV also blocked entry of HIV ( Figure 2b ) and SIV ( Figure 2h ) and M87o SIV also impeded entry of HIV ( Figure 2c ) and SHIV89.6P (Figure 2f ). The potential contribution of the RRE was not measurable with this assay, as replication was almost completely inhibited. Also, in previous experiments we did not observe a different inhibitory capacity of RRE expressing and nonexpressing vectors. 9 Given that the efficiency of virus entry inhibition is dependent on the level of maC46 cell surface expression (FG Hermann et al., unpublished observations), we next sought to determine whether low-level cell surface expression of maC46 could still cross-protect against infection with a heterologous virus. In contrast to maC46 high-expressing vectors (M87o SIV , M87o SHIV and M87o HIV ), cell surface expression of maC46 on PM-1 cells transduced with M87o SIV low, M87o SHIV low and M87o HIV low was significantly reduced (Figure 3a) .
For the challenge we used enhanced green fluorescence protein (eGFP)-expressing replication incompetent lentiviruses that were pseudotyped with HIV-1 JRFL, SHIV89.6P or SIVmac251 envelope proteins in singleround infection experiments. Single-round infection allowed for precise determination of the entry inhibitory potency of maC46 high-and low-expressing vectors. eGFP expression of these lentiviruses was RRE independent. As expected, the high-expression vectors showed complete cross-inhibition of entry mediated through heterologous lentiviral envelopes (Figures 3b, c, and d). In contrast, PM-1 cell lines transduced with lowexpressing C46 vectors did not completely block virus entry. There was an association between the degree of protection against virus entry and the relative amount of cell surface expression of maC46 (Figures 3b and c) . As shown in Figure 3a , the 2F5 binding was slightly different in the low-expressing C46 variants of M87o (M87o HIV low: brightest 2F5 staining; M87o SHIV low: intermediate staining; and M87o SIV low: barely above background). Interestingly, almost no protection was seen in PM-1 cells expressing either one of the three lowexpressing maC46 variants ( Figure 3d ) when challenged with SIVmac251-pseudotyped lentivirus. Thus, adapting the C46 to the SIV sequence did not improve antiviral activity against homologous SIV strains. SIV entry is efficiently inhibited by maC46 RC Zahn et al
Inhibition of SIV entry into primary rhesus monkey CD4+ T cells transduced with maC46
Primary human CD4+ T cells transduced with M87o HIV express maC46 at high levels, and therefore efficiently inhibit virus entry into the cell. 9 Primary rhesus monkey peripheral blood CD4+ T cells transduced with M87o HIV express maC46 at high levels as well (Supplementary Figure 1) . We then investigated whether rhesus monkey primary CD4+ T cells transduced with M87o HIV were, like PM-1 cells transduced with M87o HIV , protected against SIV infection ( Figure 4 ).
We observed low background SIV p27 Gag antigen staining in uninfected primary rhesus monkey CD4+ T cells whether the cells were or were not transduced with the inactive maC46 vector (Figure 4a ). When these cells were infected with SIVmac251 a similar level of p27 antigen was detected in both nontransduced cells, and cells that were transduced with the inactive C46 vector (Figure 4b ). Primary rhesus monkey CD4+ T cells transduced with M87o HIV expressed maC46 at high levels, and were protected from infection with SIVmac251 ( Figure 4c ). In contrast, nontransduced cells in the same culture had relatively high p27 staining and were not protected against SIV entry (Figure 4c ). High maC46 expression completely abolished SIV entry in the single round infection assay. We, therefore, assume that the RRE element did not contribute to the absent virus replication as determined by p27 staining. As M87o HIV was capable of blocking entry and replication of SIVmac251 in primary rhesus monkey CD4+ T cells and PM-1 cells, we decided to use this construct in the experiments described below.
Optimized transduction of primary rhesus monkey CD4+ T cells
Our eventual goal was to test the potential benefit of adoptive transfer of autologous, M87o HIV -transduced CD4+ T cells into SHIV-and SIV-infected animals to modulate infection and prevent disease progression. The large number of gene-modified T cells that were needed for these experiments necessitated optimization of the in vitro transduction and culture conditions. Primary human peripheral blood mononuclear cells (PBMCs; both CD4+ and CD8+ T cells) stimulated with anti-CD3/ anti-CD28 coated paramagnetic beads in the presence of an M87o-based vector were transduced at a relatively high efficiency (450%) and expand rapidly in culture. Primary rhesus monkey CD4+ T cells were less efficiently stimulated, however, and were therefore transduced at a relatively low efficiency (o20%, Figure 5b ). 
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To optimize the transduction efficiency of primary rhesus monkey CD4+ T cells, we depleted peripheral blood mononuclear cells of CD8+ lymphocytes with anti-CD8 coupled paramagnetic beads prior to stimulation. Following 7 days of culture, we observed reduced numbers of expanded CD4+ T cells in the CD8+ lymphocyte-depleted cultures relative to the bulk cultures (Figure 5a ). With CD8+ T cell depletion, however, the efficiency of transduction with an M87o-based vector increased from 20 to 35% (multiplicities of infection (MOI) of more than 3.3) and from 7 to 25% (MOI of 1.3-2; Figure 5b ).
The phenotype of primary rhesus monkey CD4+ T cells that express membrane-anchored C46
To evaluate if the CD8+ cell depletion would potentially alter the phenotype of expanded and transduced CD4+ T cells, we utilized anti-CD28 and anti-CD95 monoclonal antibodies (mAbs) to determine the relative percentage of maturation-associated T-cell subsets. Specifically the percentage of naive CD4+ T cells (CD28+ CD95À), central memory (CM) CD4+ T cells (CD28+ CD95+) and effector memory (EM) CD4+ T cells (CD28À CD95+). 21 Because the anti-CD3/anti-CD28 coated beads were removed before staining, there was no inhibition of the anti-CD28 antibody. Moreover, the anti-CD3/anti-CD28 coated beads do not shed their anti-CD28 antibodies.
22 CD8+ lymphocyte depletion prior to expansion and transduction did not alter the CD4+ T cell phenotype (Figures 5c and d We next divided the CD4+ T cells (both transduced and not transduced) into maturation-associated cell subsets (that is, naive, CM and EM) and determined the percentage of cells that expressed CCR5, CXCR4, b7 and CD62L in each of these cell subsets. Like others, 23 we observed that stimulation of CD4+ T cells with anti-CD3/ anti-CD28 coated beads and expansion in culture markedly reduced expression of CCR5 on the cell surface (Figure 6a ). The percentage of CCR5+ cells was marginally higher for CM CD4+ T cells transduced with M87o HIV (median: 0.06; range: 0.01-2.47) than for nontransduced cells (median: 0.05; range: 0.02-3.57).
Unlike CCR5, CXCR4 was highly expressed on the surface of freshly isolated primary naive CD4+ T cells. Levels of CXCR4 were lower on CM and EM CD4+ T cells (Figure 6b) . Expression of CXCR4 on the surface of CM CD4+ T cells did not significantly change following transduction and 7 days in culture. Interestingly, the level of CXCR4 expression on expanded EM CD4+ T cells after 7 days of culture was the same as observed on freshly isolated naive CD4+ T cells. Expression of maC46 did not affect CXCR4 cell surface expression.
Adhesion-associated molecules, such as the integrin molecule b7, mediate lymphocyte homing to gut-associated lymphoid tissue (GALT). Because GALT is a principal site for primate immunodeficiency virus replication, retention of b7 integrin on CD4+ T cells transduced with M87o constructs to sustain trafficking to the gut is critical. For freshly isolated lymphocytes, the highest level of b7 expression was found on naive cells; CM and EM CD4+ T cells had lower levels of b7 expression (Figure 6c ). Following culture, b7 expression on CM and EM T cells was increased regardless of maC46 peptide expression. 
Primary rhesus monkey CD4+ T cells propagated and transduced with cellular growth factors
To further optimize stimulation and transduction of autologous rhesus monkey CD4+ T cells ex vivo, we investigated the potential of cytokines to enhance the stimulation and transduction. Interleukin-2 (IL-2), IL-7 and IL-15 play an essential role in T-cell homeostasis in vivo.
24 IL-2 can potently induce T-cell expansion in vitro. This growth factor can activate, stimulate and sustain growth of T cells, independent of antigen. IL-7 promotes survival and homeostatic proliferation of memory T cells; when used in combination with IL-15 this activity increases. 23 ,25 Accordingly, we tested these cytokines alone and in combination to achieve the maximum effect on primary lymphocyte transduction and expansion. 
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Primary rhesus monkey lymphocytes were cultured in media supplemented with human recombinant IL-2 (40 U ml À1 ), rhesus recombinant IL-7 (100 U ml
À1
) and rhesus recombinant IL-15 (100 U ml À1 ), alone and in combination. A control culture without any of these cytokines was also included. Cell culture supernatants supplemented with fresh cytokines were partially exchanged daily during days 4 through 6 of culture. Expansion of CD4+ T cells was measured after day 7 (Figure 7a ).
Compared to IL-2 alone, all cytokines and cytokine combinations produced comparable expansion and proliferation, with the exception of IL-7 alone, which was lower. As shown in Figure 7b , primary rhesus monkey lymphocytes propagated in IL-7-containing media and media without cytokines had dramatically reduced proliferation and transduction efficacy (that is, a median of 10% compared to 38% for IL-2 stimulated cultures). IL-15, when used alone or in combination with IL-7, supported only a relatively low transduction level (median: 17 and 24%, respectively). Cultures containing IL-2 had the highest maC46 transduction efficiency, reaching 38%.
Lymphocyte activation was monitored using a forward-and side-scatter dot plot. Cells cultured in the presence of IL-2 were larger than cells cultured in the presence of IL-7 or in the absence of any cytokine (Figures 7d, e and c) . Regardless of which cytokines were used in culture, the memory phenotype was preserved (Supplementary Figure 2) .
Discussion
In this study, we show that gene-modified primary rhesus monkey CD4+ T cells that express maC46 peptides inhibit primate immunodeficiency virus entry and confer protection against infection. Adaptation of the HIV-based maC46-peptide to the corresponding sequence of the SIV or SHIV C-terminal HR in gp41, however, did not improve antiviral activity against these monkey immunodeficiency viruses. Therefore, we optimized the conditions for the transduction of primary rhesus monkey CD4+ T cells with the original construct M87o HIV , with respect to high transduction levels, and expansion ex vivo. These data support a proof-of-concept study for engineering rhesus monkey lymphocytes that cannot be infected by SIV.
Although the HIV C46 peptide shares 91.1% identity with the corresponding SHIV C46 peptide and 56.6% with the SIV C46 peptide, each of the three C46 sequence variants cross-inhibited entry of the other two viruses. Primate immunodeficiency viruses share the same envelope protein structure, 26, 27 including the N-and C-terminal hydrophobic a-helixes 28 that form a six-helix bundle during virus fusion with the cell membrane. Despite limited deduced amino-acid sequence homology among different primate immunodeficiency viruses (Table 2B) , the principle a-helical structures are preserved. 20 Furthermore, the essential amino-acid contact residues between the N-HR and the C46 sequence within the C-HR 29 are conserved amongst different clades of HIV. 30 Thus, the cross-reactivity among the three vectors in inhibiting entry of primate immunodeficiency viruses is likely determined by the ability of the peptide to intercalate into the three-dimensional structure of the peptide, and not the primary amino-acid sequence per se. Figure 6 Phenotype of M87o HIV -transduced CD4+ T cells. Peripheral blood from four or five naive rhesus monkeys was used to determine the expression of CCR5 (a), CXCR4 (b), b7-integrin (c) and CD62L (d) on CD4+ T cell subsets prior to transduction and on day 7 after transduction and in vitro culture. The CD28 and CD95 paradigm was used to determine the lymphocyte maturationassociated T-cell subsets. Peripheral blood mononuclear cells (PBMC) separated by Ficoll gradient were used to determine cell surface expression of b7-integrin, CXCR4 and CD62L on day 0. The cell surface expression of CCR5 on day 0 was determined by whole blood staining. The bars in all graphs represent median values.
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Single-round infection of PM-1 cells that express lowlevel membrane-anchored C-peptide showed distinct differences in the extent of inhibition of different primate immunodeficiency viruses. Specifically, SIV-pseudotyped virions were inhibited to a far lesser extent by all three maC46 when expressed at low levels. In contrast, SHIV-and HIV-pseudotyped virions were inhibited by the different maC46 peptides in a concentration-dependent manner. Thus, the threshold for entry inhibition seems to be higher for SIV envelope-mediated entry than for the other two viral envelopes. Others have reported weak inhibition of SIV by soluble HIV C34 peptides as well. 20, 31 After binding of soluble CD4, exposure of the pre-hairpin loop is longer for HIV than for SIV. 31 Accordingly, the shorter pre-hairpin exposure time for SIV envelope gives the C-peptides a shorter window of time in which they can bind to the N-HR to prevent formation of the six-helix bundle. HIV-2-derived C-peptides have a greatly enhanced SIV inhibition in soluble form. 20 These soluble peptides might overcome the inferior inhibition of SIV as membrane-anchored peptides although membrane-anchored C-peptides have a slightly different inhibition kinetics than soluble C-peptides. 32 Despite these findings, we observed a nearly complete inhibition of SIV entry by HIV maC46 expressed on the surface of primary rhesus monkey CD4+ T cells (Figure 4 ). This inhibition was likely due to the relatively high expression of maC46 on rhesus monkey CD4+ T cells (Supplementary Figure 1) , which was comparable to the amount of maC46 expression on human cells. The reduced CCR5 expression that we detected in maC46-transduced cells might also enhance the relative resistance against viral entry. However, low CCR5 expression on transduced and expanded cells alone was not sufficient to prevent viral entry in vitro, as inactive vector-transduced cells could readily be infected. Previous reports indicate that primate immunodeficiency virus-infected humans or nonhuman primates may benefit from adoptive CD4+ T cell transfer of expanded CCR5À non-gene-modified cells. 33, 34 Further in vivo benefit should be gained when these cells also express maC46 HIV on their surface, and are therefore protected from AIDS virus entry.
The original HIV maC46 is sufficient to inhibit SIV entry into rhesus monkey CD4+ T cells, provided transgene expression reaches a high level. However, integrated retroviral vectors can be silenced in long-term cultures and in vivo. [35] [36] [37] [38] So far, we have not observed this effect in in vitro cultures of HIV C46-expressing CD4+ T cells (data not shown). Also, murine hematopoietic stem cells transduced with M87o HIV and transplanted into conditioned mice, showed no silencing of HIV C46 expression within 12 months. 39 Nevertheless, further in vivo studies are warranted to show if sufficiently high maC46 expression levels on CD4+ T cells can be achieved 
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RC Zahn et al to efficiently block SIV entry into cells in SIV-infected rhesus monkeys. For future in vivo studies, large quantities of M87o HIVtransduced rhesus monkey CD4+ T cells will be necessary. Accordingly, we optimized the protocol for obtaining a high yield of M87o HIV gene-modified cells by varying the culture conditions. We did not culture the cells for more than 7 days in vitro to prevent exhaustion and ensure better engraftment of gene-modified cells in future in vivo studies. Prior CD8+ cell depletion increased the number of CD4+ T cells transduced by M87o HIV , probably by higher virus to CD4+ T cell ratio. The addition of IL-7 and/or IL-15 to the culture did not improve transduction efficacy. Nevertheless, at this time we do not completely rule out that other cytokines, in addition to IL-2 (for example, IL-7 and IL-15), might have a potential benefit for the functionality of expanded lymphocytes used for in vivo experiments in rhesus monkeys. Although the transduction efficiency in IL-7-and/or IL-15-stimulated cultures was lower as compared to IL-2, the relative cell size of these transduced cells was smaller, indicating a relatively lower level of activation (Figure 7f ). The smaller cell size however, could potentially be an advantage, as relatively quiescent cells may be less likely to be retained in small vessels or undergo apoptosis in vivo.
We predict that a substantial percentage of expanded and gene-modified CD4+ T cells will home to lymphatic organs and the intestine, as a significant percentage of these cells expressed CD62L (40%) and b7 integrin (60%). Future in vivo studies will have to demonstrate whether cells that express maC46 can replenish virus-depleted CD4+ T cells and reconstitute the local lymphatic structures in an animal model for AIDS.
Materials and methods
Animals
We obtained EDTA anticoagulated blood samples from 12 virus naive rhesus monkeys (Macaca mulatta). All animals were maintained in accordance with the guidelines of the Committee on Animals for the Harvard Medical School and the Guide for the Care and Use of Laboratory Animals. 40 
Viruses
Primate immunodeficiency viruses used in this study included SIVmac251, 41 SHIV89.6P 42, 43 and HIV-1 NL4-3.
44 SIVmac251 and SHIV89.6P were propagated in PM-1 cells. HIV-1 NL4-3 was expanded in human PBMC cultures. Virus titers in culture supernatants of SIVmac251 and SHIV89.6P, and HIV-1 NL4-3 were measured by a p27 enzyme-linked immunosorbent assay (ELISA) and an HIV p24 focus-forming assay on U87 cells, 45 respectively. The identity of the viruses was verified by analysis of coreceptor usage and sequencing of the env gene.
Cell lines
The PM-1 cell line, 46 kindly provided by Buchacher and co-workers, was cultured in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS) and 2% glutamine. The Phoenix packaging cells, generously provided by GP Nolan, 47 and the 293T cell line (ATCC CRL-1168) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FCS and 2% glutamine.
Generation of high-expressing retroviral vectors
Construction of the vector M87o-RRE and the Neo control have been described previously. 8, 9 M87o-RRE vector was engineered to contain the HIV C46 sequence (M87o HIV ). Generation of the homologous M87o SIV and M87o SHIV as well as the low-expressing vectors M87o HIV low, M87o SIV low and M87o SHIV low is described in detail in the Supplementary materials and methods.
Generation of cell lines expressing membraneanchored peptides
Retroviral particles were produced by transfection of Phoenix packaging cells as described previously. 47 Low MOI were used for transduction of PM-1 cells to obviate multiple vector integrations. Cells stained with the human mAb 2F5 (kindly provided by H Katinger) directed against a motif in the C-peptide of gp41 8 and a monoclonal goat anti-human immunoglobulin G antibody coupled to phycoerythrin (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) were analyzed by flow cytometry to assess transduction efficiency. PM-1 cells, transduced with the vectors that contain a neomycin resistance gene, were selected with G418 (0.8 mg ml
À1
) for 10 days. Transduced cells without the neomycin resistance gene were enriched by fluorescence-activated cell sorting for C-peptide expression to more than 95% purity using a FACSCalibur (BectonDickinson, Heidelberg, Germany).
Inhibition of HIV, SIV and SHIV by membraneanchored peptides expressed on PM-1 cells
The different PM-1 cell lines were plated in 24 well plates with a seeding density of 2 Â 10 5 cells per well and subsequently infected with HIV-1 NL4-3 (MOI ¼ 0.001), SIVmac251 (1.25 focus forming units (FFU)) and SHIV89.6P (92 FFU). About 24 h after infection, cells were washed once with phosphate buffered saline (PBS). HIV p24 or SIV, SHIV p27 antigen was measured in the culture supernatants collected at different time points by ELISA (Innogenetics, Heiden, Germany).
Generation of lentiviral vector supernatants
The different primate immunodeficiency virus Env expression plasmids were generated from viral RNA or synthetic HIV-1 89.6P (SynGP160) in pcDNA3.1 kindly provided by R Wagner (Regensburg, Germany). The env gene of SIVmac251 was amplified from viral RNA in the supernatants of infected PM-1 cells by reverse transcription-PCR using Superscript II (Invitrogen, Karlsruhe, Germany) with a specific primer SIV9319oR. The nested PCR with the Expand HiFidelity Plus PCR System (Roche, Mannheim, Germany) was performed using SIV9319oR and SIV6508oF for the first and SIVkozak6601iF and SIV9246iR for the second step. The PCR product DNA was sequenced and cloned into the pHCMV vector. 48 The vector particles, pseudotyped with HIV-1 JRFL, SIVmac251 or SHIV89.6P Env were then generated by transient transfection of 293T cells, as described, 49 with minor modifications. Specifically, we used the lentiviral transfer plasmid pHR9SIN-SEW, 50 which has an eGFP SIV entry is efficiently inhibited by maC46 RC Zahn et al marker gene (kindly provided by Dr M Grez, GeorgSpeyer-Haus), for packaging. Virus particles in the culture supernatant were concentrated by ultracentrifugation (25 000 rpm, 2 h, 4 1C) and stored at À80 1C.
Lentiviral single-round infection assay
The lentiviral transduction was carried out as described previously. 49 Briefly, a 96-well plate was coated with 10 ng ml À1 fibronectin (Invitrogen) and then seeded with PM-1 cells transduced with the different C-peptideencoding retroviral vectors or the control vector in triplicate (1 Â 10 4 cells per well). The cells were transduced with replication-incompetent lentiviral particles (MOI 0.1-0.2) with HIV-1 JRFL, SIVmac251 or HIV-1 89.6P Env. After 5 days, the cells were stained for C46 expression using a biotinylated mAb 2F5 and Streptavidin-APC (Becton-Dickinson). About 7 Â 10 4 viable cells per sample were analyzed by flow cytometry to determine the percentage of cells positive for expression of C46 and GFP.
Primary lymphocyte cultures and transduction of primary rhesus monkey T lymphocytes PBMC were obtained from naive rhesus monkeys by Ficoll gradient separation (PAA, Cö lbe, Germany). In the case of CD8+ cell depletion, 10 7 PBMC were incubated for 30 min with anti-CD8 (cM-T807) coupled to epoxyactivated M-450 beads (Invitrogen, Carlsbad, CA, USA) in 1 ml PBS/2% HS at 4 1C. The tube was placed in a magnet for 2 min to remove bead-bound CD8+ cells and the supernatant was used in subsequent steps. 1.5 Â 10 6 cells were stimulated in 3 ml X-Vivo (containing 5% HS/2% glutamine/IL-2 at 40 U ml À1 ; IL-2 was provided by Hoffman-La Roche, Nutley, NJ, USA) for 4 days with anti-CD3 (SP34; Becton-Dickinson) and anti-CD28 (L293; Becton-Dickinson) coated epoxy-activated M-450 beads at a cell-to-bead ratio of 1:3 in a six-well plate. Cells were transduced two times on days 4 and 5 after isolation by transferring them onto retronectin (Takara, Otsu, Japan) coated non-tissue culture plates preloaded with either M87o HIV or inactive C46 retroviral vector supernatants. Cells were further cultivated in X-Vivo (containing 5% HS/2% glutamine/IL-2 at 40 U ml À1 ) at 37 1C for 2 days and subsequently used for SIV infection or phenotypic characterization by flow cytometry. In some experiments, recombinant rhesus monkey IL-7 and/or IL-15 cytokines (100 U ml À1 each; Resource for Nonhuman Primate Immune Reagents, Atlanta, GA, USA) were used instead of, or in combination with, recombinant human IL-2 (40 U ml À1 ).
Inhibition of SIVmac251 in membrane-anchored peptide-expressing rhesus monkey T cells
Prestimulated and transduced T cells (4 Â 10 6 ) were infected with 60 FFU SIVmac251 in 4 ml X-Vivo (containing 5 % HS/2% glutamine/IL-2 (40 U ml À1 )). Cells were washed with PBS 1 day after infection and restimulated with freshly isolated primary lymphocytes from another donor animal on day 4 post-infection. The cells were stained 7 days after infection with anti-p27 (Tebu-Bio, Offenbach, Germany), anti-CD3 (SP34, BD Biosciences, San Jose, CA, USA), anti-CD4 (L200; BD Biosciences) and 2F5 antibody (as described above) and the expression was quantified by flow cytometry.
Phenotypic characterization of membrane-anchored peptide-expressing rhesus monkey T cells
To determine the phenotypic changes that may occur through the different culture conditions, we performed polychromatic flow cytometric assays on whole blood, freshly isolated lymphocytes prior to culture and cultured lymphocytes 7 days after transduction. We determined the cell surface expression of the phycoerytherin-conjugated monoclonal antibodies against CCR5 (3A9; Pharmingen, San Diego, CA, USA), CD62L (SK11; Pharmingen), b7 (FIB504; Pharmingen) and CXCR4 (12G5; Pharmingen) using the following antibody panel: anti-CD3-AlexaFlour700 (SP34.2; BD Biosciences), anti-CD4-AmCyan (L200; BD Biosciences), anti-CD8-Allophycocyanin-Cy7 (SK1; BD Biosciences), anti-CD28-PerCP-Cy5.5 (CD28.2; Coulter, Miami, FL, USA) and anti-CD95-Fluorescein isothiocyanate (DX2; Pharmingen). Transduction of cells was determined by staining with 2F5 (as described above). Cell-surface expression of the different antigens was measured with a LSR II flow cytometer (Becton-Dickinson, San Jose, CA, USA).
DNA sequences
HIV-1 clade B sequences (176) were downloaded from the HIV sequence database (http://www.hiv.lanl.gov/ content/hiv-db/mainpage.html; accession numbers are described in Supplementary Table 1 ). The SHIV and SIV sequences used for this study were from publicly available isolates in the HIV sequence database (http:// www.hiv.lanl.gov/content/hiv-db/mainpage.html), and for intrahost SIV sequence analysis, SIVmac samples were animal isolates from a recombination study which was published recently. 12 Sequence analysis C46 sequence analysis was performed using ClustalW. 51 Assessment of degree of divergence and percent identity was performed. Divergence was calculated by comparing sequence pairs in relation to the phylogeny reconstructed by MegAlign (v7.1.0, DNASTAR, WI, USA). Percent identity compares sequences directly, without accounting for phylogenetic relationships.
